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INTRODUCTION
The biological arrangement of plant anther cell wall layers and microspores in the anther locule has been clearly described in many species. The maize anther is composed of four cell layers, namely the outer epidermis, the endothecium, the middle layer, and the tapetum. The tapetum is the inner-most layer of the anther wall. During anther development, tapetal cells secrete nutritive materials and other substances into the pollen sac, and on the anther outer surface (Chaubal et al., 2000) . The tapetum is surrounded by the middle layer, the function of which is largely unknown. It has been reported that the middle layer regulates the fate of the microspore in kiwifruit, which involves the transport of calcium ions from the middle layer to the tapetum (Falasca et al., 2013) . The endothecium encircles the middle layer. In the late stage of anther development, the tapetum and middle layer are not visible in the anther lumen. Therefore, the endothecium is the layer that lines the anther lumen at that stage. The endothecium can be involved in secreting materials that are essential for pollen grain development. The outer epidermis is the protective layer for all inner anther layers and microspores. The outermost layer of the anther epidermis is called the 'anther cuticle' and consists of polymerized cutin and wax. The anther cuticle acts as a barrier to transpiration, pathogens, and other external environmental stresses (Yeats and Rose, 2013) . Therefore, each layer has a unique role and coordinating functions for proper anther development. The exine, the protective layer of pollen wall, protects the pollen from harsh conditions and provides an environment for the recognition of appropriate stigma (Ariizumi and Toriyama, 2011; Shi et al., 2015; Xiong et al., 2017) . It is composed of sporopollenin, whose precursors are produced in the tapetum (Quilichini et al., 2015) . Male fertility requires functional microspores that are formed during normal anther developmental processes (Garc ıa et al., 2017) . Defects in any layer can result in a failure to produce such microspores.
During anther development, many genes are involved in cell proliferation, differentiation, and the completion of meiosis (Wang et al., 2010) . In fact, this complexity of anther ontology is poorly understood in maize. However, some maize male-sterile mutants have been identified at different developmental stages. For example, the male sterile converted anther 1 (msca1) mutant shows improper cell division and differentiation during the early stage of anther development. Thus, the formation of normal archesporial cells does not occur in the msca1 mutant. In parallel, nonfunctional vascular strands are surrounded by parenchymal cells , whereas the multiple archesporial cell (mac1) mutant produces excessive archesporial cells, suggesting that MAC1 is essential for proper cell proliferation during early anther development (Wang et al., 2012) . The outer cell layer 4 (ocl4) mutant displays an additional subepidermal layer with endothecium characteristics. OCL4 encodes an HD-ZIP IV family transcription factor, which is mainly expressed in epidermal tissues (Vernoud et al., 2009) . Furthermore, the male sterility 23 (ms23) mutant and male sterility 32 (ms32) mutant have exhibited extra periclinal division of the tapetum to produce a five-layers structure rather than undergo differentiation (Chaubal et al., 2000; Ma et al., 2007) . The epidermis, endothecium, and middle layers develop properly in both mutants. Pollen mother cells enter into meiosis normally, but they abort without completing meiosis. Cloning of this gene has revealed that MS32 encodes a basic helix-loop-helix (bHLH) transcription factor (Moon et al., 2013) . The mutant male sterility 8 (ms8) shows meiotic dyad abortion due to the deposition of extra callose between them. It also exhibits defects in epidermal cells, which fails to elongate and present fewer, larger tapetal cells (Wang et al., 2010) .
The identified maize male sterility genes, MALE STERI-LITY 45 (MS45) (Cigan et al., 2001) , and MALE STERILITY26 (MS26) (Djukanovic et al., 2013) , are required for the formation of pollen exine and anther cuticles in maize. The male sterility45 mutant fails to form pollen wall after the tetrad stage. The mutant of MS26 produces a completely male-sterile plant whose tapetum development is abnormal and terminates prematurely. MS26 encodes a cytochrome P450 monooxygenase and was found to function in the fatty acid metabolism pathway. Similarly, many tapetum-expressed genes which are involved in fatty acid metabolism and lipid transporters are well known in rice, including WAX-DEFICIENT ANTHER1 (WDA1) (Jung et al., 2006) , DEFECTIVE POLLEN WALL (DPW) , DPW2 (Xu et al., 2017) , CYP704B2 , POST-MEIOTIC DEFICIENT ANTHER1 (PDA1) (Hu et al., 2010) , CYP703A3 (Yang et al., 2014) , TAPETUM DEGENERATION RETARDATION (TDR) (Li et al., 2006) , DEFECTIVE TAPE-TUM CELL DEATH 1 (DTC1) (Yi et al., 2016) , OsDEX1 (Yu et al., 2016) , OsC6 , OsABCG15 , OsABCG26 , and MALE STERILITY2 (MS2) (Chen et al., 2011; Doan et al., 2016) , CYP704B1 (Dobritsa et al., 2009) , CYP703A2 (Morant et al., 2007) , Acyl-CoA Synthetase (ACOS5) (de Azevedo Souza et al., 2009) , and AtSEC31B (Zhao et al., 2016) in Arabidopsis. The rice cyp703a3 mutant displays complete male sterility, whereas its Arabidopsis orthologous cyp703a2 mutant produces partially sterile pollen grains that display an abnormal exine with no obvious sporopollenin deposition.
Here, we report a maize male sterility mutant, abnormal pollen vacuolation 1 (apv1), which displayed altered anther cuticle and pollen exine formation. The apv1 mutant showed phenotypically complete male sterility and had defects in normal pollen vacuolation processes. APV1 encodes a cytochrome P450 monooxygenase belonging to the subfamily CYP703A2-Zm. APV1 is not allelic to either MS45 or MS26 despite their phenotypic similarity to one another, suggesting that they play different roles in anther cuticle and pollen exine formation. Our transcriptome analysis showed that MS26 expression was lower in the apv1 mutant while MS45 was unaffected. Furthermore, many genes involved in fatty acid metabolism were differentially expressed in the mutant. Our findings will enhance the mechanistic understanding of anther cuticle and pollen exine development in maize.
RESULTS

Phenotypic analysis of the maize apv1 mutant
Maize apv1 is a natural male-sterile mutant that was discovered in our breeding program. Phenotypically, the apv1 plant is normal in vegetative development, but its reproductive development lags compared with that of wild-type plant. apv1 plants completely lack anther dehiscence (Figure 1a, b) . Compared with wild-type anthers, the mutant anthers were smaller, narrower and pale yellow, without matured pollen grains (Figure 1c,d ). Under the light microscope, there were normal-sized black-stained pollen grains visible in crushed wild-type anthers stained with an I 2 -KI solution (Figure 1e ), but no pollen, only crushed anther residues, were observed in the apv1 mutant (Figure 1f) .
For detailed information, we investigated anther surface and pollen surface using scanning electron microscopy (SEM). We observed the clear difference between wild-type (Figure S1a,c) and mutant (Figure S1b, f) anther surfaces at the mature stage. In wild-type, anther epicuticular ridges appeared in the three-dimensional view, and the ridges were crowded with randomly distributed wax crystals on the epidermal surface at the mature stage ( Figure S1d ). In the mutant, the anther epidermal surface was smooth, shiny, and plate-shaped without crowded epicuticular ridges ( Figure S1g) . A difference in the inner surface of the anther was apparent between the wild-type and mutant due to defects in normal development of Ubisch bodies in the mutant. In wild-type, evenly distributed Ubisch bodies covered the inner anther surface ( Figure S1e ). There were fewer unevenly distributed Ubisch bodies on the inner anther surface of the apv1 mutant, leading to a more apparent inner surface of the mutant at the mature stage ( Figure S1h ). Wild-type pollen grains were rounded in shape ( Figure S1i ), whereas the apv1 mutant pollen grains had an irregular shape with degenerate microspores (Figure S1j) . We also scanned the pollen wall of mutant and wild-type. Our SEM images showed that the wild-type mature pollen exhibited elaborate exine patterning (Figure S1k) . However, the apv1 pollen surface ( Figure S1l ) was smooth and distinct from wild-type, suggesting that the microspore degeneration could be due to a failure of normal pollen wall formation in the mutant.
To examine the morphological defects in the apv1 mutant anthers, transverse sections were analyzed to compare the cytology of wild-type and mutant anthers. At the early uninucleate stage, morphogenesis of the somatic layers and microsporocyte was normal in both wild-type and mutant anthers. The mature pollen mother cells underwent meiosis, and the microspores were easily released from the tetrads (Figure 2a ,e). A significant difference was observed at the vacuolated stage of microspore development. At this stage, round and vacuolated microspores were observed in wild-type (Figure 2b ). In contrast, the apv1 mutant microspores were swollen and became less vacuolated and collapsed (Figure 2f ). Subsequently, the mutant locule appeared shrunken with collapsed microspores (Figure 2g ). At the mature stage of anther development, the mutant microspores were aborted, and the anther locule was empty and flat ( Figure 2h ). In contrast, the wild-type anther locule was full of mature pollen grains (Figure 2d) .
To obtain a more detailed understanding of the abnormalities in apv1 mutant anther development, we performed transmission electron microscopy (TEM). In accord with the transverse section results, there were no significant difference between wild-type and apv1 at the early uninucleate stage. The tapetal cells were deeply stained, indicating active metabolism in the tapetum (Figure 2i ,m), microspores were released and the nuclei were clear (Figure 2j,n) . At the vacuolated stage, wild-type tapetal cells were lightly stained and squeezed together to form hill-like structures; the middle layer was degenerated and not visible (Figure 2k ). The outer pollen wall appeared thickened as sporopollenin was incorporated into the exine, and the Ubisch bodies, which function as vehicles between the tapetum and microspores, were visible (Figure 2l ). In contrast, in the apv1 mutant anthers, irregular tapetal cells (a) (i-t) TEM of anthers from wild-type and the apv1 mutant. The wild-type anther is shown in (i) to (l), (q) and (s), and the apv1 mutant anther is shown in (m) to (p), (r) and (t). early uninucleate stage (i, j, m, n); vacuolated stage (k, l, o, p); mature pollen stage (q, r); epidermal cell wall (s, t). CW, cell wall; Cu, cuticle; E, epidermis; En, endothecium; Ex, exine; In, intine; ML, middle layer; MP, mature pollen; Msp, microspore; T, tapetum; U, Ubisch body. Bars = 50 lm in (a) to (h), 10 lm in (i) to (q), 2 lm in (r) and 1 lm in (s) and (t).
were detected, the middle layer persisted, and the microspores became shrunken at random (Figure 2o ). It seems that the exine-thickening process did not occur following tetrad release in apv1 mutant anthers ( Figure 2p ). Before anthesis, mature pollen granules formed in the anther locule, and intine components accumulated inside the exine (Figure 2q ). In contrast, in the apv1 anther locule, tapetum degeneration debris and aborted microspores were crowded together ( Figure 2r ). Moreover, the wildtype anther wall formed electron-dense hair-like structures on the epidermis (Figure 2s ). This suggests that lipophilic materials (cutin and wax) diffused to the surface of the anther cell wall, while the surface of the apv1 mutant anther wall was smooth (Figure 2t ), suggesting that decreased amounts of lipophilic materials were deposited on the outer epidermal cell wall.
Cutin and wax amounts were altered in the apv1 mutant
The cuticle of land plants is a noncellular hydrophobic layer that covers and seals the epidermis of most aerial organs. It is composed of an insoluble polymer matrix (cutin) embedded in the anther cuticle and is covered with a complex mixture of hydrophobic molecules such as waxes. We measured the chloroform-extractable cuticular wax constituents of both wild-type and apv1 by gas chromatography-mass spectrometry (GC-MS). Multiple randomly selected anther samples were used to measure the surface area of the anthers. We plotted the surface area of each anther against the corresponding weights ( Figure S2 ) described by Li et al. (2010) . The level of total wax in the apv1 anther was 90.87 ng mm À2 , whereas the wild-type anther wax was 37.89 ng mm À2 (P < 0.01) ( Figure 3a ).
There was an approximately 58% increase in total wax in the mutant compared with wild-type. However, there was an approximately 73% statistically significant reduction in C33:0 alkanes and 52% reduction in C35:0 alkanes in mutant anthers compared with wild-type anthers. Most other alkanes (C25, C27 and C31) were significantly lower in wild-type (P < 0.01) ( Figure 3b and Table S2 ). In the wild-type anther, we detected 331.61 lg mm À2 of total cutin, in contrast to only 29.29 lg mm À2 in apv1, which corresponds to a highly significant reduction (~91%) in total cutin ( Figure 3a ). The predominant cutin monomer in wild-type was C18:0 9/10 di-OH diacid (9,10-dihydroxyoctadecanoic acid), whereas an approximately 98% reduction was observed in the mutant ( Figure 3c and Table S3 ).
Genetic analysis and map-based cloning of APV1
All the F 1 plants generated from the cross between apv1 and B73 (pollen donor) were fertile. In total, 249 individuals of BC 1 F 1 (apv1 as the cross parent) segregated at a fertileto-sterile ratio of 1:1 (v 2 = 0.004, P = 0.95). In total, 311 individuals among the F 2 progeny segregated at a fertileto-sterile ratio of 3:1 (v 2 = 0.78, 0.5 > P > 0.25). These results indicate that the mutant phenotype is caused by a single recessive nuclear locus. Map-based cloning was used to isolate APV1 ( Figure 4a ). Fine mapping with 2012 sterile individuals of BC 1 F 1 narrowed the genetic interval to approximately 660 kb. After sequencing, we found that the apv1 mutation has an 848-bp deletion which spanned the following two neighboring genes: GRMZM5G830329 and GRMZM2G439268. The deletion starts in exon 2 of GRMZM5G830329 and extends into exon 1 of GRMZM2G439268 (Figure 4b ). GRMZM5G830329 comprises a cytochrome P450 domain interval between amino acids 20-522. It has a P450 conserved site (hemebinding domain) between amino acid 451-460 (InterProScan, GENE3D; Figure 4c ).
As the deletion involves two neighboring genes, we used clustered regularly interspaced short palindromic repeats (CRISPR/Cas9) to independently knock out the genes in the HiII inbred line background to identify the gene responsible for the male-sterile phenotype. Tassels of two independent GRMZM5G830329 knockout lines, which had a one-base insertion in the coding region, showed phenotypes similar to that of the apv1 mutant (Figures 4d and S3), whereas tassels of two independent GRMZM2G439268 knockout lines, which also had a one-base insertion in the coding region, produced mature pollen grains equivalent to the wild-type (Figure 4e ). In addition, using I 2 -KI staining, we did not observe any black-stained pollen grains in GRMZM5G830329 knockout sterile anthers (Figure 4f ). The crushed GRMZM2G439268 knockout anthers had well stained pollen grains (Figure 4g ). Moreover, the cross between GRMZM5G830329 knockout lines (ms/ms) and apv1 (ms/+) produced male-sterile and fertile plants at a 1:1 ratio (v 2 = 0.05, 0.5 < P < 0.9). This result confirmed that the deletion of GRMZM5G830329 causes male sterility in apv1. A series of allelic crosses was generated using the apv1 mutant plants (ms/ms) and the available heterozygote (ms/+) maize male-sterile mutants as pollen donors (Table S1) . A cross between apv1 and ms10 (ms/+) produced male-sterile and fertile plants segregating at a 1:1 ratio (v 2 = 0.06, 0.5 < P < 0.9) in the next generation, indicating that apv1 is allelic to ms10. MS10, located on chromosome 10, has not been cloned so far. ms10 is completely male sterile and has no anthers exposed. To identify the mutation in MS10, we sequenced the APV1 in ms10. Using the APV1 sequence from the B73 as a reference, we found that ms10 has a 772-bp deletion in exon 1 of APV1 in addition to the deletion present in apv1.
Maize APV1 is found to be a cytochrome P450 family protein
To understand the evolutionary relationship between APV1 and its close homologs, we searched National Center for Biotechnology Information (NCBI, http://www. ncbi.nlm.nih.gov/), phytozome (http://phytozome.jgi.d oe.gov/pz/portal.html), and other public databases using BLASTP with the APV1 amino acid sequence as a query. The APV1 was found to belong to the CYP703 family, which is specific to land plants (http://www.maizegdb. org/). APV1 was clustered in the Poaceae subclade with proteins from Oryza sativa (86% similarity) and Sorghum bicolor (93% similarity). In this subclade, APV1 homologs are encoded by a single gene in each species.
Among the sampled species, only Physcomitrella patens contain three copies of the gene, while the rest contain only one copy. Remarkably, all the homologs in clade 1 belong to angiosperm. CYP703A2, an Arabidopsis thaliana homolog of APV1, is located in a separate dicot subclade of the phylogeny ( Figure S4a ), though it shares 70.7% amino acid sequence identity with APV1. The amino acids in the heme-binding domain are identical among maize, sorghum, rice, and Arabidopsis ). Compound names are abbreviated as follows; C16:1 acid, 7-hexadecanoic acid; C16:0 acid, hexadecanoic acid; C18:0 acid, octadecanoic acid; C18:1 acid, oleic acid; C18:2, linoleic acid; C18:3 acid, linolenic acid; C20:0, acid, eicosanoic acid; C22:0 acid, docosanoic acid; C24:0 acid, tetracosanoic acid; C26:0 acid, hexacosanoic acid; C16:0 b-OH acid, 2-hydroxy-hexadecanoic acid; C18:0 b-OH acid, 2-hydroxy-octadecanoic acid; C22:0 b-OH acid, 2-hydroxy-docosanoic acid; C24:0 b-OH acid, 2-hydroxy-tetrasanoic acid; C26:0 b-OH acid, 2-hydroxy-hexasanoic acid; C16:0 x-OH acid, 16-hydroxy-hexadecanoic acid; C18:1 x-OH acid, 18-hydroxy-oleic acid; C18:2 x-OH acid, 18-hydroxy-linoleic acid; C18:0 9/10 di-OH diacid, 9,10-dihydroxy-octadecanoic acid; C18:0 9/10 di-OH diacid, 9,10-dihydroxy-octadecanoic-1,18-dioic acid; C18:0 9/10/18 tri-OH acid, 9,10,18-trihydroxy-octadecanoic acid; C16:0 diacid, hexadecanoic-1,16-dioic acid; C18:2 diacid, linoleic-1,18-dioic acid.
( Figure S4b ), indicating the functional conservation of APV1 between monocots and dicots, and even among flowering plants.
APV1 is specifically expressed in the tapetum
To understand the function of APV1 during anther development, the expression of APV1 was analyzed in different tissues and at different stages of anther development. Quantitative real-time PCR (qRT-PCR) showed that APV1 is specifically expressed in the post-meiotic anther. APV1 is restricted to uninucleate anthers and coincides with the mutant phenotype observed during post-meiotic anther development (Figure 5a ).
To determine the tissue specificity of APV1 at a cellular level during anther development, in situ hybridization was performed at different stages of wild-type using sense and anti-sense probes. At the pre-meiotic stage, no hybridization signal was detected using the anti-sense probe (Figure 5b) . Weak expression was observed in microspores at the tetrad stage (Figure 5c ). APV1 expression appeared broadly in the tapetum at the vacuolation stage of anther development (Figure 5d ). When the microspores progressed to the mitotic stage, the expression began to decline (Figure 5e observed at any stage using the sense probe (Figure 5f -i).
Together with qRT-PCR results, we concluded that APV1 is preferentially expressed in uninucleate anthers and is strongly transcribed in the tapetum when the microspores are becoming vacuolated. These APV1 expression patterns are consistent with data from the maize eFP browser (http://bar.utoronto.ca/efp_maize/cgi-bin/efpWeb.cgi) and are similar to the rice CYP703A3 expression patterns.
APV1 is located in the endoplasmic reticulum
The TargetP 1.1 and SignalP 4.1 servers predicted that the APV1 protein contains the endoplasmic reticulum (ER) targeting signal peptide with the N-terminal 21 amino acids.
To confirm its localization, we generated three constructs driven by the maize ubiquitin promoter (Ubi), ProUbi: APV1-GFP, ProUbi: APV1DSP-GFP and ProUbi: SP-GFP.
ProUbi: APV1-GFP contained the full-length APV1 cDNA translationally fused to the 5 0 terminus of green fluorescent protein (GFP). In ProUbi: APV1DSP-GFP, the N-terminal signal peptide portion of the APV1 cDNA was deleted, and the APV1 polypeptide was translationally fused to GFP ( Figure S5 ). The endoplasmic reticulum was identified by the ER-Tracker ™ red dye. The analysis using maize protoplast from leaf cells showed that the APV1-GFP signal colocalized with the ER, confirming that APV1 is localized in the ER (Figure 6a-c) . In contrast, the APV1DSP-GFP signal was observed in the cytoplasm and did not co-localize with the ER signal (Figure 6d-f) . Furthermore, our construct carrying the DNA fragment of the APV1 N-terminal signal peptide fused to GFP confirmed that the signal peptide of APV1 was able to target the GFP into the ER using ProUbi: SP-GFP (Figure 6g-i) . Moreover, free GFP signal was observed throughout the cell rather than in the ER only (Figure 6j-l) . These observations support the prediction that APA1 is localized to the ER in tapetal cells and consistent with its presumed function of fatty acids hydroxylation catalysis in the ER during the synthesis of sporopollenin precursors. 
Transcriptome analysis of wild-type and apv1 anthers
To investigate transcripts that were specifically expressed in the apv1 at the uninucleate stage, we performed RNAsequencing and determined the transcriptome profile of wild-type and apv1 (two biological replicates each). A correlation dendrogram, generated by hierarchical clustering to group transcripts with similar expression patterns across samples, showed that biological replicates correlated with each other. Using a cutoff (false discovery rate (FDR) <0.05, fold change >2), we identified 4422 differentially expressed genes (DEGs) in apv1 anthers, of which 1723 were up-regulated and 2699 were down-regulated in the mutant (Figure S6) . A high correlation was found between the log 2 -fold changes of these two conditions, confirming the reliability of the RNA-seq results ( Figure S7 ). According to Gene Ontology (GO) enrichment analysis, down-regulated genes were mainly involved in molecular functions of heme binding, oxidoreductase activity, transcription factor activity, sequence-specific DNA binding, and carbon-carbon lyase activity, whereas up-regulated genes were involved in various molecular functions, including RNA binding, microtubule motor activity, and DNA-dependent ATPase activity ( Figure S8 ). Remarkably, a high abundance of transcription factors were detected among the downregulated DEGs, namely AP2/ERF, WRKY, bZIP, HSF, MADS-box, GATA, MYB, NAC, bHLH, CAMTA, and CBF. However, their functions in the mutant remain to be explored. Most cytochromes P450s typically require a protein partner to deliver one or more electrons to reduce the molecular oxygen during the oxidation process. We observed that such putative partner genes (cytochrome b5, cytochrome b-c1 and other cytochrome P450 proteins) were down-regulated in the apv1 mutant (Table S4) .
DISCUSSION
The function of APV1 in the biochemical pathway of fatty acid hydroxylation
Maize APV1 belongs to the cytochrome P450 family, which is classified as monooxygenases. The P450 cytochromes contain a conserved heme-binding domain and the oxygen activation and binding domain. During the hydroxylation reaction, the P450 enzyme catalyzes the insertion of one atom of an oxygen molecule into the substrate while the other atom is reduced to water. The heme molecule in the binding domain carries the oxygen molecule to the P450 domain so it can bind to the oxygen activation and binding domain. Finally, the substrate of the reaction becomes hydroxylated (Werck-Reichhart et al., 2002) . Subsequently, the amino acid sequence of APV1 is orthologous to rice CYP703A3 and Arabidopsis CYP703A2, and the phylogenetic analysis revealed only one copy in each species. The maize apv1 mutant displayed a phenotype similar to the rice cyp703a3 mutant. It has been reported that rice CYP703A3 and Arabidopsis CYP703A2 preferably catalyze the formation of 7-hydroxylated lauric acid via the substrate lauric acid (C12:0) (Morant et al., 2007; Yang et al., 2014) in the fatty acid hydroxylation pathway. Therefore, we propose that APV1 is involved in the hydroxylation of lauric acid in maize. Additional biochemical experiments will be required to complete the assignment of the function to APV1.
Transcriptome network of APV1 in fatty acid metabolism
In our cutin monomer analysis, we observed a significant reduction in C18:0 9/10 di-OH diacid, C18:0 9/10 di-OH acid, and C18:2 x-OH acid in the apv1 mutant. This result provides evidence that APV1 plays a role in the hydroxylation fatty acid pathway. To confirm this possibility, we examined the DEGs in the RNA-seq data and found that some genes in this pathway were down-regulated in the mutant with log 2 -fold change ranging from À1 to À11. Fatty acid metabolism consists of fatty acid biosynthesis (FAB), fatty acid elongation (FAE), and fatty acid degradation (FAD). Fatty acid biosynthesis starts in the plastid. In the first step, acetyl-CoA is converted into malonyl-CoA ). Fatty acid chains are then synthesized in the plastid by fatty acid synthase complex (FAS) and combined with the acyl carrier protein (ACP) as a cofactor (Ma et al., 2015) . The GRMZM2G141256 and GRMZM5G853065 genes encode 3-oxoacyl-ACP reductase (EC: 1.1.1.100) and fatty acid synthase (FAS, EC: 2.3.1.85) in maize, which are major enzymes in the fatty acid synthesis pathway (Beisson et al., 2013) . We found that four genes encoding components of the fatty acid synthase complex were down-regulated in the apv1 mutant. In plants, b-ketoacyl-ACP synthase (KAS) is involved in elongation of the carbon chain from C4 to C18 (Wu and Xue, 2010) . The down-regulated gene, GRMZM2G120987 (which encodes a fatty acyl carrier protein reductase; FAR2), is orthologous to Arabidopsis MS2 and rice DPW, which act on palmitoyl-ACP and reduce CoA esters (C16:0-ACP) to 1-hexadecanol (C16:0 alcohol). Then, C16 and C18 fatty acid derivatives are transported to the ER for further elongation. Very-longchain fatty acids (VLCFAs) are formed by 3-ketoacyl-CoA synthetase (KCS) on the ER. In Arabidopsis, eight KCS have been cloned, three of which catalyze C16, C18, and C20 saturated acyl-ACP substrates (Blacklock and Jaworski, 2006) . KCS5/CER60 is involved in the synthesis of fatty acids longer than 28 carbons for cuticular waxes (Lee et al., 2009) . During the final steps of VLCFA synthesis, EnoylCoA Reductase/Eceriferum10 (ECR/CER10) catalyzes the double bond in the a, b position to form saturated VLCFAs (Zheng et al., 2005) . Similarly, GRMZM2G066578 (encoding the CER enzyme), which is orthologous to rice WAX-DEFI-CIENT ANTHER1 (WDA) (Jung et al., 2006) and CER1 in Arabidopsis (AT1G02205.2), is down-regulated in the apv1 mutant. In rice, WDA is involved in the biosynthesis of very long-chain fatty acids (VLCFA) that are required for cuticle formation and wax deposition. Mutant wda shows impaired pollen exine and anther wall formation in rice. CER is a large gene family, and some of the mutants of CER are involved in male sterility in Arabidopsis (Fiebig et al., 2000) . Arabidopsis CER1 revealed that it is required for very-long-chain alkane synthesis, especially the oddcarbon-numbered alkanes (C27, C29, C31 and C33) and pollen fertility (Bourdenx et al., 2011) . Furthermore, three genes, GRMZM6G743306, GRMZM2G005052, and GRMZM2G031429, which encode diacylglycerol O-acyltransferase (DGAT) and wax synthase (WS), are downregulated in the mutant. Moreover, the recently identified MS26 in maize is also down-regulated in the mutant. MS26 plays a potential role in catalyzing the x-hydroxylation of C16 and C18 fatty acids in the similar sporopollenin biosynthesis pathway (Albertsen et al., 2006) . MS26 is orthologous to CYP704B1 in Arabidopsis, CYP704B2 in rice, and BnMs1 and BnMs2 in Brassica napus. CYP704B1 and CYP704B2 have been shown to function in the sporopollenin synthesis pathway. Previously, MS45 has been shown to function in anther cuticle and pollen exine formation. However, the expression level of MS45 in the apv1 mutant is similar to that in wild-type ( Figure S9 ). In addition, cytochrome P450 CYP86A1, which participates in catalyzing x-hydroxylation of saturated and unsaturated fatty acids with chain lengths from C12 to C18, was detected among the DEGs (Benveniste et al., 1998) . During normal anther development, products of fatty acid metabolism (sporopollenin, cutin and wax monomers) are transported to the surface of the microspore and anther cuticle for polymerization. The ABC transporter G family protein participates in lipid transportation. Rice ABCG15 is required for exporting sporopollenin precursors, cutin, and wax monomers (Niu et al., 2013; Wu et al., 2014) . In Arabidopsis, ABCG11/WBC11 is involved in exporting cuticular lipids, whereas ABCG31 is localized in the plasma membrane of the tapetum and is involved in transporting compounds from the tapetum to the pollen coat (Bird et al., 2007; Choi et al., 2014) . In addition, the ABCG16 and ABCG27/WBC27 transporters are required for normal pollen wall formation in Arabidopsis (Quilichini et al., 2014; Yadav et al., 2014) . In the present study, we identified six DEGs belonging to the ABC transporter G family that were down-regulated in the maize apv1 mutant ( Figure S10 and Table 1 ).
Significance of APV1 in anther cuticle and pollen exine formation
The anther cuticle and pollen exine are the major protective barriers in the male reproductive system of flowering plants. They help to protect the internal functional layers against various stresses. Therefore, proper development of the anther cuticle and pollen exine is required for normal function of the reproductive system in plants. The inchain fatty acid hydroxylation pathway is essential for the synthesis of cutin/wax monomers and sporopollenin precursors, which are polymerized in the pollen exine and anther cuticle (Morant et al., 2007) . This pathway functions in the tapetum and involves numerous genes. Mutation of any gene in this pathway can cause a lack of cutin/wax and sporopollenin precursors synthesis, resulting in failure to form normal pollen exine and anther cuticle. We have shown that APV1 is one of the genes expressed in tapetum that is involved in the fatty acid hydroxylation pathway.
We showed that mutation of APV1 results in down-regulation of many other genes in the pathway. Our comprehensive transcriptome analysis will provide potential explanation for the reduction of hydroxylated fatty acids, fatty acid alcohols, x-hydroxylated fatty acids, and x-di/tri hydroxylated fatty acids for each reaction. Moreover, more short alkanes (<C33) and fewer long alkanes (C > 33) were detected, in contrast to the rice orthologous gene cyp703a2, which, when mutated, shows significant reduction in short alkanes compared with wild-type. We suggest that downregulated genes in VLFA synthesis and the alkane formation pathway (KCS5/CER60, ECR/CER10 and CER1) could result in the paucity of long alkanes in the mutant. Down-regulation of a transporter, such as ABCG11/WBC11, likely causes reduced transport of the cutin/wax constituents to the anther surface. Similarly, down-regulation of ABCG31, ABCG16, and ABCG26/WBC27 transporters may lead to less sporopollenin transport to the pollen wall, which would explain the observations for our transverse sections and SEM analysis showing impaired anther cuticle and pollen exine formation in the apv1 mutant. Ultimately, there is less cutin/wax and pollen exine synthesized in the mutant. In sum, we have presented a model showing that APV1 is required for normal anther cuticle and pollen exine formation in maize (Figure 7 ).
EXPERIMENTAL PROCEDURES Plant materials
All the plants materials were grown in the field of Ledong County, Hainan Province or in Changping Farm, Beijing. B73 was used to generate the F 2 and BC 1 F 1 mapping populations for gene isolation. Allelic tested materials were obtained from the Maize Genetic Cooperation Stock Center.
Phenotypic analysis of the apv1 mutant
Photographs of the tassels and spikelets of mature plants of the wild-type and mutant were obtained using a Canon digital camera. To evaluate the pollen viability, wild-type, mutant, and transgenic anthers were separately crushed, stained with 1% I2-KI solution, and photographed under an Olympus BX-53 microscope (Tokyo, Japan). For transverse section analysis, wild-type and mutant spikelets fixed in 45:5:2 (ethanol:acetic acid:formaldehyde) were used. The spikelets were dehydrated through an ethanol series (50, 70, 80, 90 and 95%) for 30 min each. The tissues were maintained in 95% ethanol + 0.1% eosin overnight. The samples were dipped sequentially in 1:3, 1:1 and 3:1 (resin: ethanol) with Figure 7 . Role of APV1 in anther cuticle and pollen exine development in maize. APV1 is expressed in the endoplasmic reticulum of the tapetum and acts on the C12 fatty acid to form the hydroxylated C12 fatty acid. Hydroxylated C12 fatty acid is then converted to hydroxylated C16/C18 fatty acids. Tapetum-expressed MS26 acts on the hydroxylated C16/C18 fatty acids and converts them to x-hydroxy C16/C18 fatty acid, which is a constituent of sporopollenin precursors and wax and cutin monomers. Those components may then be translocated from the tapetum by ATP-binding cassette transporters ( ), and lipid transport proteins ( ) into the locule and anther epidermis. steps separated by 2 h. The above steps were performed with gentle shaking. Finally, the tissues were dipped in 100% resin overnight. The spikelets were embedded in low viscosity resin and maintained at 70°C overnight. Semi-thin sections were obtained using an Ultracut E ultramicrotome (Leica Microsystems, Germany), stained with 0.05% Toluidine Blue O and observed under the Olympus BX-53 microscope at. For scanning electron microscope (SEM) analysis, samples fixed in 45:5:2 (ethanol:acetic acid:formaldehyde) were dehydrated in a graded ethanol series (50, 70, 80, 90 , and 100%) for 15 min each, critical-point dried and mounted on specimen stubs using double-sided tape. The samples were coated with gold:palladium (3:2) in an ion sputter (JFC-1100; JEOL) and analyzed with a scanning electron microscope (HITACHI S-3400N).
Anther waxes and cutin analysis
Wild-type and mutant anthers at the binucleate stage were used for the analysis. To express the amounts per unit surface area, we calculated a ratio of anther weight to surface area. The surface area was determined from the pixel numbers in the microscopy images using Sigma Scan Pro5.0. Wax and fatty acids from the anthers were analyzed as described previously .
Map-based cloning of the APV1 gene A series of polymorphic markers was designed to genotype the 480 male-sterile individuals from the F 2 segregating population. Molecular markers YS-38 and YS-39 were used to narrow down the region to 1.32 Mbps. For fine mapping, a larger mapping population consisting of 2012 sterile individuals from the BC 1 F 1 was analyzed, and the APV1 gene was narrowed to 660 kb between markers YS-48 and YS-75. Five out of 21 genes in this region were expressed in the meiotic tassel. Among them, GRMZM5G830329 was highly expressed in the meiotic tassel. It was sequenced using the apv1 and the male fertile counterpart as templates. The PCR products were separated on 12% polyacrylamide gels, and the bands were visualized with ethidium bromide. A 1-kb upstream region and a 1-kb downstream region of the APV1 gene were used to identify the mutated region. The mutant region was amplified using primers S-7F and S-61R. Transgenic plants were generated using CRISPR/Cas9 (Liang et al., 2014; Xing et al., 2014) in the HiII genetic background. The primers used are listed in Table S5 .
Phylogenetic analysis
The full-length amino acid sequence of GRMZM5G830329 and the 10 most similar sequences identified via a BLAST search were aligned using the ClustalW tool (http://www.ebi.ac.uk/Tools/msa/c lustalw2/) with default parameters. The aligned sequences were used to construct a phylogenetic tree. A neighbor-joining phylogenetic tree was constructed in MEGA 6 (http://megasoftware.net/) using the following parameters: Poisson model, complete deletion, and 1000 bootstrap replicates.
APV1 subcellular localization analysis
To determine the subcellular localization of APV1, three GFP fusion protein expression constructs were generated with the Ubi promoter. The signal peptide sequence was detected using the SignalP 4.1 Server (http://www.cbs.dtu.dk/services/SignalP/). Three fragments, a 1487-bp full-length cDNA lacking a stop codon [APV1] and a 1506-bp cDNA lacking the 81-bp fragment encoding the N-terminal transit peptide and the stop codon [APV1DSP], and the N-terminal signal peptide-encoding sequence [SP] , were amplified using primers GFP-F/R and DSP-F/R. The PCR products were subsequently cloned into the pJIT163-GFP vector to obtain pUbi:APV1-GFP, pUbi:APV1DSP-GFP, pUbi:SP-GFP and pUbi: GFP. Protoplast isolation and transformation were performed as described previously (Yoo et al., 2007) . The transformants were stained with the dye specific for the endoplasmic reticulum (ERTracker ™ Red). GFP fluorescence was observed under a fluorescence confocal microscope (ZEISS LSM 710 NLO).
qRT-PCR and in situ hybridization
Total RNA was isolated using the RNeasy Plant mini kit (Qiagen, Hilden, Germany) with three biological replicates of each tissue, including different stages of anthers, leaves, shoots, roots and immature ears. Complementary DNA (cDNA) was synthesized from 1 lg RNA per sample with slight modifications of cDNA synthesis protocol (Promega). Quantitative reverse transcription PCR (qRT-PCR) analyses were performed using the thermocycler apparatus (Bio-Rad Laboratories, CA, USA) with 10 lL of SYBR Premix Ex Taq TM GC (TaKaRa) in a final volume of 20 lL with 5 pmol of the appropriate primers and 2 lL of cDNA. ZmActin1 was used as an internal reference to normalize the expression ratios. The relative expression levels were measured using the 2 ÀDDCt analysis method. For in situ hybridization, different stages of anthers fixed in solution (4% (w/v) paraformaldehyde; 4%(v/v) DMSO; 19 PBS) were used for the dehydration series. The tissues were stained with eosin in ethanol and embedded in paraffin. Sections of 8 lm thickness were placed on pre-warmed (42°C) poly-L-lysine coated glass slides using a Leica RM2245 rotary microtome (Nussloch, Germany). The construct for the anti-sense probe was amplified using the specific primers ISH-F and ISH-R. Hybridization was performed according to the protocol previously described by Ding et al. (2015) .
RNA-Seq and transcriptome analysis
Total RNA was extracted using TRIzol reagent as described by the manufacturer (Invitrogen). RNA libraries were prepared using standard Illumina TruSeq RNA library protocol which selects for polyA+ RNAs. The libraries were sequenced on Illumina HiSeq 2500 instruments to generate 101-nt-long paired-end reads. The sequences were filtered using standard Illumina pipelines and additional filtering steps were used to identify and remove adapters. The reads for each sample were aligned to the maize genome sequence (AGPv3, MaizeSequence.org) using TopHat2 (Trapnell et al., 2009 ) with default parameters. Gene read counts were generated using HTSeq-count (Anders et al., 2013) . Genes expressed at less than one fragment per kilobase of transcript per million mapped reads (FPKM) were removed. The analysis to detect differentially expressed genes was performed using the edgeR package (Anders et al., 2013) . Genes with more than a two-fold change in expression level and FDR less than 0.05 were considered as differentially expressed genes. For gene ontology (GO) analysis, the lists of differentially expressed genes were submitted to Blast2GO (https://www.blast2go.com/) for singular enrichment analysis with the default setting for Fisher's exact test. KOBAS 2.0 software was used for pathway enrichment analysis (http://kobas.cbi.pku.edu.c n/). Visualization of reads aligned to the genome was performed using IGV 2.3 (https://www.broadinstitute.org/software/igv/node/ 250), with reference gene features loaded for comparison. To verify the consistency of the RNA-Seq data, we performed qRT-PCR using uninucleate-stage anthers for randomly selected ten genes. GFP construct and performing the maize transformation, Fengxia Zhang (The Metabolomics Facility of the Institute of Genetics and Developmental Biology, Chinese Academy of Sciences, China) for the wax and cutin analysis. This work was supported by funds from the Ministry of Agriculture of China (Grant 2016ZX08009003-003) and the National Natural Science Foundation of China (31271729). And the manuscript does not have any financial/commercial conflicts of interests.
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